Within the last 15 years 34 waste stabilization pond systems have been built in Central America in the countries of El Salvador (6 systems), Honduras (12 systems), Guatemala (9 systems), and Nicaragua (8 systems); these systems were built for municipalities with populations ranging from 5,000 to 80,000 persons. There are 14 additional systems in the final design phase or under construction in the Region, including the first designs for large cities: a 162 hectare facultative system for Managua, Nicaragua (population ≈ 1,000,000); and a 168 hectare system for San Pedro Sula, Honduras (population ≈ 640,000). Monitoring data from Honduras and Nicaragua show that treatment efficiency is generally comparable to tropical pond systems cited in the literature in other parts of the world, although fecal coliform removal has not been as good as theoretically predicted and the desludging of facultative ponds has been a significant operational cost. While waste stabilization ponds are generally considered the technology of choice for municipal wastewater treatment within Central America, there are, nevertheless, problem areas that need to be addressed if waste stabilization pond use is to have continued acceptance and long-term sustainability. These areas of concern at the Regional level are: i) design guidelines using parameters from data developed in Central America; ii) effluent guidelines that are realistic for pond effluents for reuse or surface water discharge; iii) monitoring programs focusing specifically on pathogen removal; iv) cost-effective grit removal and sludge removal from facultative ponds; v) improving designs for pathogen removal; vi) the need for centralized (El Salvador and Nicaragua) versus decentralized (Guatemala and Honduras) mechanisms for financing and operation and maintenance; vii) the development of comparative cost data for construction, operation and maintenance, pond desludging, and microbiological monitoring; and viii) the development of training programs for design, operation and maintenance, and monitoring.
INTRODUCTION
The provision of water supply and sewerage services for the seven countries comprising Central America (Belize, Costa Rica, El Salvador, Guatemala, Honduras, Nicaragua, and Panama) has been a major component of development projects financed over the last 15 years. The Region, with a total population over 30 million people, saw approximately 6.6 million people gain access to water supplies and over 11 million to sanitation and sewerage services from 1983-93 (Rothe and Perez, 1993) . In spite of these efforts and others in the public health sector, however, excreta-related infections are still a major cause of morbidity and mortality. The cholera epidemic, with over 152,311 cumulative cases during 1991-97 in the countries of El Salvador, Guatemala, Honduras and Nicaragua, the continued high morbidity of intestinal helminth infections, with prevalence rates greater than 60% in the region's endemic areas, and the outbreak of cyclospora in the United States from fruit imported from Guatemala, underscore the persistent public health problems that have yet to be ameliorated (PAHO, 1998) . Surface waters play a significant (albeit complicated) role in the continued transmission of excreta-related infections as the majority are grossly polluted with untreated sewage and are commonly used for bathing, washing and crop irrigation. As a result, all internationally financed sewerage projects within the Region now require wastewater treatment as a necessary component. It is generally assumed by the Central American professional community that waste stabilization ponds are the treatment option of choice because of their effectiveness in pathogen removal and their low operation and maintenance costs.
Over the last 15 years, 34 waste stabilization pond systems have been built in the four countries of El Salvador, Guatemala, Honduras and Nicaragua; these systems were designed for municipalities ranging from 5,000 to 80,000 persons. There are 14 additional systems in the design or construction stage as of January, 1999, including the first designs for major cities: a 162 hectare system for Managua, Nicaragua (design population = 1,000,000) and a 168 hectare system for San Pedro Sula, Honduras (design population = 640,000) (Oakley, 1998) . Effluent standards, design criteria, monitoring data, operation and maintenance of pond systems vary in each country, although efforts are underway at the Regional level to share experiences and address common problems (the first Regional meeting on wastewater stabilization pond use in Central America was held in May, 1997 in Managua, Nicaragua) . This paper discusses the experiences of existing pond systems and the problem areas that need to be addressed at the Regional level if waste stabilization ponds are to have continued acceptance and long-term sustainability in Central America.
DESIGN ISSUES AND METHODS IN CENTRAL AMERICA

Effluent Standards
The environmental protection agencies of the governments of Guatemala, Honduras and Nicaragua have each promulgated effluent standards for municipal wastewater discharges as shown in Table 1 . Unfortunately, in Guatemala and Honduras the effluent requirements have been legislated without the widespread input of the professional community; thus Guatemala's standards do not address the issue of pathogen removal and, while Honduras's standards do, the BOD 5 requirement is overly stringent and unrealistically suited to local conditions. This has led to much confusion among professionals and the public as to what type of technology is the most appropriate for wastewater treatment (this issue will be discussed later in the paper). In addition, enforcement is nonexistent since the vast majority of wastewater discharges (> 90% of all flows) do not yet receive any form of treatment. In contrast, the Nicaraguan Institute of Water Supply and Sewerage (INAA), in collaboration with the Ministry of Environment and Natural Resources, helped develop Nicaragua's effluent standards specifically for waste stabilization ponds used in municipalities. (The government of El Salvador is in the process of developing effluent regulations.) 
Process Design of Facultative Ponds
With the exception of two anaerobic pond systems under construction in Guatemala, all of the waste stabilization pond systems in operation or under design or construction are facultative ponds followed by maturation ponds. The majority of facultative ponds have been designed using the organic surface loading equation developed by the Pan American Center for Sanitary Engineering (CEPIS) in Lima, Peru (Sáenz, 1985; Yánez, 1992) :
Where CS m is the maximum BOD 5 surface loading in kg/ha-d and T is the water temperature of the coldest month in °C. The maximum loading rate of 357.4 kg BOD 5 /ha-d at 20 °C was developed from extensive studies of pond systems in Peru. The organic loading for a facultative pond system was increased until the ratio of effluent ammonia nitrogen to influent ammonia nitrogen was greater than one (this occurred at 357.4 kg BOD 5 /ha-d); it was assumed that this increase in ammonia nitrogen could only be due to anaerobic conditions (Yánez, 1992) .
Process Design of Maturation Ponds
All maturation ponds in the region have been designed using the model of dispersion as it has been developed by CEPIS. Sáenz (1985) modified the equation of Polprasert and Bhattarai (1985) in order to determine the dispersion number based on temperature rather than kinematic viscosity (León and Moscoso, 1996) :
where d is the dispersion number, θ is the hydraulic retention time in days, and W, D, and L are the width, depth, and length of the pond respectively in meters. Once the dispersion number is calculated for a given pond, the Wehner and Wilhelm equation is used to determine effluent fecal coliform concentrations (Wehner and Wilhelm, 1956) . Extensive studies by CEPIS in Peru have shown that the first-order rate constant for fecal coliform removal varies not only according to temperature, but also according to the organic loading of the pond (León and Moscoso, 1996) . As a result, the following empirical equations have been developed for use in the Wehner and Wilhelm equation:
Primary Ponds:
Secondary Ponds:
Tertiary Ponds:
Where k b is the first-order removal rate constant for fecal coliforms, days -1 .
Physical Design of Pond Systems
Pretreatment. Most older pond systems were originally designed without screening and grit removal facilities. Several of these ponds in Nicaragua significantly lost their hydraulic capacity due to heavy grit loads during the rainy season. New pond systems within the Region are being designed with screening and grit removal facilities, and bypass channels to divert stormwater flows. These facilities have added operation and maintenance requirements, however, which is still a problem for municipalities in Guatemala and Honduras. In addition, there is a lack of data on the range of grit loads from the sewer system, which can be considerable. One wastewater treatment plant in Guatemala failed because the grit load was too high for the operator to maintain and the grit chamber had to be abandoned; another pond system under construction in Guatemala will use a sump at the inlet of the first pond to collect grit to avoid this problem.
Pond Geometry and Inlet and Outlet Structures.
In order to optimize plug flow, most pond systems have been designed using a length to width ration of at least 2:1, with multiple inlet and outlet structures. The use of baffles in maturation ponds is common in Nicaragua.
Flow Measurement. The accurate measurement of flowrates to assess pond performance is one of the major stumbling blocks in every country except Nicaragua. The use of concrete Parshall flumes has failed in Honduras due to poor design and construction. None of the pond installations in operation in El Salvador or Guatemala use flow measuring devices. Every pond installation in Nicaragua uses imported fiberglass Parshall that are precalibrated.
Security and Operator Facilities. Experience has shown throughout the Region that pond installations need to be fenced, and that a security guard is necessary during off-hours. Every facility that has not had security has had significant problems with vandalism and unauthorized entry. Operator facilities, including a small building with running, potable water, are also recommended for all new facilities. Again, experience in the region has shown that installations that do not have operator facilities will not receive adequate operation and maintenance.
COUNTRY PROFILES AND EXPERIENCES
El Salvador
El Salvador, with a 1995 population of 5.3 million, has a total of 31 operating wastewater treatment plants, of which 6 are waste stabilization ponds; there are 3 more pond systems in the design and construction phase for several municipalities. Most of the existing treatment systems are small installations that serve urban developments from 1,500 to 10,000 persons. The National Administration of Water and Sewerage (ANDA), which is a government agency, is responsible for the operation and maintenance of public wastewater treatment plants and the supervision of private plants. ANDA requires that all urban developments include wastewater treatment if they are to receive water from ANDA's water supply system. In the eastern region of the country ANDA has two brigades that operate and maintain the sewer systems and the wastewater treatment plants of seven municipalities. Although ANDA has 4 laboratories throughout the country for water analyses of the public supply system, there has not, to date, been any monitoring of pond performance.
As is typical in the Region, there are numerous actors in the wastewater sector in El Salvador that do not coordinate activities with ANDA. The Inter-American Development Bank, USAID, the German and Italian Governments, the Ministry of Public Health, and the Ministry of Housing and Development all attempt to fund wastewater treatment projects. As a result, there is much confusion as to the goals of wastewater treatment and the types of technologies that would be appropriate to satisfy these goals. It is hoped this situation will improve as the Salvadoran legislature is in the process promulgating effluent standards and legally strengthening the role of ANDA.
Guatemala
Guatemala had a 1995 population of 10.6 million (PAHO, 1998). As of December, 1998, there were 57 municipal wastewater treatment plants in the country; of these 57, only 5 have some form of operation and maintenance (2 are stabilization ponds). Over the last 10 years 9 waste stabilization ponds have been built; currently, 2 receive operation and maintenance, 3 continue to receive wastes without operation and maintenance, and 4 have been emptied and abandoned (Pocasangre, 1995) . One of the pond systems was abandoned after its influent flow was lost when a farmer broke the sewer main to use the raw sewage for irrigation. In spite of this record, three waste stabilization pond systems for three municipalities are currently under construction; each of these systems will use anaerobic ponds-the first ones in Central America.
The myriad actors in the wastewater sector do not coordinate activities and there is much confusion over the goals of wastewater treatment. Whereas El Salvador has a national agency supervising wastewater treatment that has had success in ensuring plants are operating and being maintained, no such entity exists in Guatemala. The Institute of Public Works Development (INFOM) finances wastewater treatment plants for the municipalities with government funds (coming from international lenders), and offers technical assistance in the design of projects. Each municipality, however, has the responsibility for operation and maintenance of installations financed by INFOM. This situation exemplifies the problems with decentralization throughout the Region and the continued difficulty municipalities have, especially those with populations less than 100,000 persons, managing and financing public works projects effectively.
Honduras
Honduras, with a population of 5.5 million in 1995 (PAHO, 1998), has constructed 12 waste stabilization pond systems in the last 5 years and has plans to construct 6 more in the next few years. All of these installations were or are being funded by USAID-Honduras through its Municipal Development Project; this program, which has as its primary goal the institutionalization of more responsive and effective municipal government, works with 34 municipalities representing 50% of the Honduran population. In addition, one of the largest waste stabilization pond projects in Latin America is being planned for the city of San Pedro Sula, which has a population of 640,000 persons. The design calls for an area of 168 hectares. The installation will be managed by the Municipal Department of Water Supply (DIMA) for the City of San Pedro Sula.
As in Guatemala, the responsibility for operation and maintenance of pond systems lies with the municipalities. In an attempt to avoid the problem of abandoned systems encountered in Guatemala, USAID has sponsored several workshops in the last two years on waste stabilization pond design, monitoring, and operation and maintenance for both technical professionals and the public. Still, there are institutional factors that cannot be changed easily, such as the ability and political resolve of the municipal governments to charge fees for sewerage and wastewater treatment, and to maintain trained personnel on staff. In addition, there is confusion among professionals and the public as to what is the most appropriate technology for wastewater treatment in the country. (One vendor of package wastewater treatment plants even sent a letter to every mayor in the country to tell them waste stabilization ponds are inferior to other treatment systems!)
Some of the original pond installations were poorly designed using various models developed for temperate climates.
In an effort to systematically improve designs, a design manual has been written and a monitoring program initiated by USAID to develop better data on pond performance and to develop local design parameters (Oakley, 1998) . Table 2 shows the monitoring results of two pond systems over a 6 month period. Unfortunately, because of the difficulty in accurately measuring flowrates as mentioned above, these results cannot be used to adequately assess performance.
Hurricane Mitch destroyed a significant percentage of Honduras's public works infrastructure in October, 1998 and several pond installations were severely damaged. At the time of this writing it is not known what long-term effects this damage will have on the continued development of municipal wastewater treatment. 
Nicaragua
Nicaragua, which had a population of approximately 4.1 million people in 1995 (PAHO, 1998) , is the only country in Central America that has a long history of successful waste stabilization pond use. Over the last 15 years 8 wastewater stabilization pond systems have been built for eight municipalities; of these 8 systems, 5 use facultative ponds only, and 3 use facultative ponds followed by maturation ponds. The Nicaraguan Institute of Water Supply and Sewerage (INAA) is the government agency responsible for effluent monitor-ing, operation and maintenance of municipal pond installations. Each municipal pond system has three full-time employees from INAA: two operators and one security guard. In addition, there are engineers, biologists, chemists and technical personnel in the regional offices of INAA who assist in pond operation when their expertise is needed; they have also published an operation and maintenance manual. INAA has regional laboratories and routine monitoring is performed on all pond systems. As mentioned previously, personnel from INAA were instrumental in helping to establish the effluent guidelines for pond effluents shown in Table 1 . Table 3 shows typical results from INAA's routine monitoring program for two facultative/maturation pond systems. One persistent problem throughout Nicaragua that can be seen in the table is the inability of any pond system to consistently meet the fecal coliform requirement of 10,000 MPN/100ml. Although theoretical calculations using the parameters developed by CEPIS (Sáenz, 1985; Yánez, 1992) show that fecal coliform removal should be higher, this removal efficiency cannot be achieved in practice. More research is needed to better address this problem.
In 1993 INAA received a loan from the Inter-American Development Bank to renovate 6 of the existing pond systems. A majority of the monies from the loan (US $1,163,079) were devoted to sludge removal for the following reasons: i) none of the facultative ponds had been desludged, and all had been in operation for at least 10 years; ii) it was thought that process performance, such as low fecal coliform removal, could be affected by extensive sludge buildup by lowering the hydraulic retention time; and iii) field measurements showed that sludge accumulation was extensive in several ponds. During 1995-96 the 6 pond systems were desludged by drying and removal with frontend loaders---the first time this was done in Central America. The results of this project are shown in Table 4 . While the cost per capita was not high, the total cost per pond was very high since sludge removal had not been budgeted by INAA in its financial planning and billing for services. Indeed, sludge removal had not been considered in the design of the pond systems---a serious oversight that has occurred with designs in the other countries. The sludge accumulation data and removal costs are now being used for future designs in Nicaragua. INAA now recommends that ponds be designed for desludging at least every 10 years. The Master Plan for Managua proposes the construction of 162 hectares of facultative ponds to treat the wastewater of Managua, which has a population of approximately 900,000, before it is discharged into Lake Managua. The design has been extensively reviewed and revised by personnel from INAA and, if constructed, will be one of the largest pond installations in Latin America.
